The two great Sumatra earthquakes of December 26, 2004, and March 28, 2005, are associated with a number of geodynamic processes affecting Earth's shape, gravity field and rotation on a wide range of spatial and temporal scales. These include co-seismic strong motion, permanent co-seismic displacements, surface loading due to the barotropic tsunami, normal modes, and transient post-seismic deformations lasting from days to years. The December 26, 2004, earthquake is the first one with
Introduction
Great earthquakes like the Sumatra events 
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, denoted as "event B") are associated with a number of geodynamic phenomena on a wide range of spatial and temporal scales including co-seismic strong motion and permanent displacements, free oscillations of the solid Earth, and, if located in an oceanic region, tsunamis. The redistribution of water masses in the ocean associated with the tsunami induces transient perturbations of the Earth's surface and gravity field. Moreover, post-seismic deformations can continue for months and years after such great earthquakes. The event A was the first earthquake of
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to be observed with space-geodetic techniques, in particular, the global network of tracking stations for the Global Positioning System (GPS), that is coordinated by the International GNSS Service (IGS). The expected new insight from studies of the co-and postseismic displacements into the rupture process of the earthquake and the associated phenomena has stimulated a number of GPS-based studies in the aftermath of the earthquake (e.g. Khan & Gudmundson, 2005; Banerjee et al., 2005; Vigny et al., 2005; Kreemer et al., 2005) . GPS observations potentially provide information on the co-seismic displacements, including the permanent co-seismic offsets, post-seismic non-linear displacements, and tsunami induced loading signals. In order to determine the permanent offset with high accuracy, time series of daily or sub-daily coordinate estimates are required, and these time series also contain the post-seismic signal. For co-seismic oscillations and tsunami-induced loading, time series with high temporal resolution down to 30 sec or better are needed.
The permanent co-seismic offsets are valuable constraints for models of the rupture processes. Moreover, as pointed out by Menke (2005) , the magnitudes of earthquakes determined from initial broadband estimates tend to be too low for large earthquakes. This underestimation compromises early warning efforts (Kerr, 2005) . Therefore, if available in near-realtime, GPS estimates of the permanent offsets could help to improve the initial magnitude estimates particularly for very large earthquakes. Tsunamis travel the ocean as barotropic waves and thus induce a loading signal. If detectable by GPS with low latency, these signals could be integrated in an early warning system.
Here, we first consider the permanent co-seismic offsets determined from GPS observations and, by comparing our own estimates to those computed by others, assess the accuracy to which these offsets are determined. Then we will briefly comment on the post-seismic displacements observed at regional stations after the two events.
The surface loading caused by the tsunami is studied on the basis of a model prediction of the sea surface heights variations caused by the tsunami. We use the well validated Green's function approach to estimate the solid Earth deformations induced by the tsunami on the basis of modeled sea surface displacements.
Finally, we will consider the necessary improvements to the observing system and the analysis strategy in order to fully utilize the potential of the GPS (and in the future other Global Navigation Satellite Systems) for studies of large earthquakes and early warning systems.
Observed co-seismic surface displacements
In order to determine the permanent co-seismic offset for the two events, GPS data from a total of 39 stations within 7,600 km of the rupture zone (Table  1) were processed for the interval 1 January 2000 to 21 May 2005 using the GIPSY-OASIS II software package from the Jet Propulsion Laboratory (JPL). Daily station cooordinates were estimated using the precise point positioning method (Zumberge et al., 1997) with ambiguity resolution applied successfully across the entire network by automatic selection of the ionospheric-or pseudorange-widelane method (Blewitt, 1989) . Satellite orbit and clock parameters, and daily coordinate transformation parameters into ITRF2000 were obtained from JPL. Ionosphere-free combinations of carrier phase and pseudorange were processed every 5 minutes. Estimated parameters included a tropospheric zenith bias and two gradient parameters estimated as random-walk processes, and station clocks estimated as a white-noise process. For all stations, secular velocities where estimated for the interval 1 January 2000 to 25 December 2004. These velocities are assumed to represent the interseismic tectonic motions prior to event A, and they are used to detrend the data. Moreover, using the stations more than 4000 km away from the epicenter as reference stations, all daily solutions were then transformed by a 7-parameter Helmert transformation onto the constant velocity solution (a process called "spatial filtering").
In Fig. 1 , the detrended time series for four stations close to the rupture zones are shown for the interval 1 January 2004 to 21 May 2005. Particularly the sites SAMP and NTUS show large offsets at the time of the two events and significant post-seismic deformations in the months following each of the events. For sites further away, the offsets appear to be hidden in the long-period variations present in the time series. As illustrated by these examples, the determination of the permanent co-seismic offsets is hampered by the presence of noise and other signals in the time series. In particular, it is difficult to estimate reliable errors.
An early analysis of the time series of SAMP and NTUS for event A was presented by Khan & Gudmundson (2005) . They used 5 day averages of the north and east displacements to estimate simultaneously a linear trend and the offsets at the time of event A. Their permanent offsets are (given in mm for east,
) for SAMP and NTUS, respectively. Banerjee et al. (2005) analysed the data of 41 farfield and regional stations using the GAMIT/GLOBK software. Permanent offsets for event A were then determined by differencing the mean positions in five days before and after the event A. They claim to see a coherent surface motion for distances up to 4500 km from the epicenter. Vigny et al. (2005) computed permanent co-seismic offsets from time series of 79 regional and global CGPS sites. These time series were determined using the GIPSY-OASIS II software in precise point positioning mode. The daily solutions for 14 days before and after event A were combined into campaign-like solutions, which were then projected onto ITRF. The offsets were computed as the differences of the 14-day averages after and prior to event A. Kreemer et al. (2005) using the same time series as in the present study (see above), computed the coseismic displacements by differencing the average coordinates from 28 days after and before the event. While increasing the span of days before and after the event reduces the noise in the computed average, there is a trade-off with bias from post-seismic displacement, at least for the two stations in the near field of the event (SAMP and NTUS). Therefore, for these two stations, Kreemer et al. (2005) estimated a logarithmic function describing the post-seismic displacements together with the permanent offsets.
The alternative approach chosen here is to model the time series by the function . We have chosen coinciding with the events A and B, respectively. The harmonic constituents are used to represent a seasonal cycle in the GPS time series, and we have chosen to include an annual and semi-annual constituent (i.e.
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). In the fit, we solve for
and the amplitudes of the cosine and sine terms of the harmonic constituents. The data prior to approximately December 2002 was found to be of lower quality. Therefore, the data interval for the fit of Eq. 1 to the displacement time series was constrained to 1 January 2003 to 21 May 2005. Examples of the resulting models and the residuals for the stations included in Fig. 1 illustrate that the model function is appropriate for most stations not having significant post-seismic motion (Fig. 2) . Particularly for SAMP, the large post-seismic displacement after event B biases the estimated offset for this event if the postseismic displacement is not modeled properly.
The resulting offset parameters are listed in covered by the four sets of estimates does not appear to depend on the actual offset and there is no clear systematic difference between the four sets (Fig. 3) . Kreemer et al. (2005) computed predicted permanent offsets using a layered elastic spherical Earth model (Pollitz, 1997 ) and a rupture model that best fits their permanent offsets computed from the GPS series. The predicted displacement field is a dipole with the main motion on both sides of the fracture being directed towards the ruture zone (Fig. 4) . Surprisingly large displacements of the order of 5 mm are predicted for areas as far away as South Africa and South America.
The offsets computed in the various studies are in general agreement with the predictions of the model derived by Kreemer et al. (2005) (Fig. 5) . Despite the fact that the model is a best fit to the Kreemer et al. (2005) offsets, no systematic differences are detected between the predictions and any of the four sets of estimates. Deviations are generally of the order of a few mm. The estimates for SAMP and NTUS computed by Khan & Gudmundson (2005) fall well into the range covered by the other four estimates. The largest differences are found for SAMP, where particularly the east offset derived here is biased by the unaccounted post-seismic deformations. For the stations being further than 4000 km away from the rupture zone, the offsets derived here are generally smaller than those determined by Kreemer et al. (2005) . Since these offsets should be close to zero, this may be taken as an indication that using a model function provides slightly better estimates. However, in order to prove this, a more detailed comparison of the observed spatial fingerprint to the predicted fingerprint would be required. It is emphasized here that Kreemer et al. (2005) used identical time series for the determination of the permanent offsets as the present study but a different approach, while Vigny et al. (2005) used the same software package for the GPS analysis but a different approach to realize the reference frame and to compute the offsets. Banerjee et al. (2005) , on the other hand, used time series obtained independently with a different software package. Nevertheless, no systematic differences are found between the Banerjee et al. (2005) and the other estimates.
The comparison of the four sets of estimates reveals that the error estimates of Kreemer et al. (2005) and our least squares errors appear to be overoptimistic, while the error estimates of Vigny et al. (2005) and also Banerjee et al. (2005) might be pessimistic; the actual uncertainties of the steps are more of the order of 2 to 4 mm; only the offsets for stations experiencing displacements larger than a few mm, i.e. if they are in the areas on both sides of the rupture zone, can be determined with statistical significance.
We expect that using the spatial finger-print as predicted by models (see Fig. 4 above) in a multistation regression for the permanent offsets, will allow a much better determination of the observed displacement field. For that, we suggest a joint regression for the east and north component using the modified model function 2), in fact, can be used directly in the search for the best-fit model.
The permanent offsets that can be detected with statistical significance for event B are constrained to relatively few stations (Fig. 6) . It is interesting to note that the offset for SAMP is too large to be explained by some kind of dislocation model.
Tsunami loading signal
A tsunami travels barotropically through the ocean and causes movements of the ocean water masses comparable to ocean tides. The tsunami similarily loads and deforms the solid Earth. The displacements of the Earth's surface and the changes in the Earth's gravity field induced by surface loads can be computed using the theory of Farrell (1972) . Predictions of the perturbations are computed through a convolution of the surface load expressed through the surface pressure and mass density field with the appropriate Green's function.
The initial computations carried out here to estimate the order of magnitude of the induced displacements uses a static Green's function, i.e. the load Love numbers required to compute the Green's functions (see Farrell, 1972 , for the details) are calculated neglecting the acceleration term in the field equations for the displacements. Considering that the longest elastic eigenmodes for a non-rotating Earth are of the order of 53 minutes (e.g. Lapwood & Usami, 1981) , this static approximation is appropriate for loading with periods of several hours or longer. Tsunamis waves, however, have periods of 30 minutes and less, and the static solution can only give a first order estimate of the amplitude, while arrival times of the loading signal will be strongly biased. Using dynamic Green's function requires not only a convolution in space but also a convolution over the complete history of the tsunami. Thus, for a more accurate modelling of the amplitudes and particularly the temporal variation of the loading signal, a far more complex computation needs to be implemented. For the tsunami caused by Event A, the surface pressure anomaly, i.e. the ocean bottom pressure variations, are computed from the sea surface height anomalies predicted by the MOST model of the NOAA Tsunami Research Center (Mofjeld et al., 2000) . The sea surface heights are given with a mean spatial resolution of ¡ in latitude and a temporal resolution of 5 minutes. For the initial loading computation, a spatial resolution of 2.5 ¡ was used, with the resolution being increased to 0.25 ¡ in coastal areas and close to the observer point. Shortly after the earthquake the peak deviation in ocean bottom pressure reaches values of more than 200 HPa in the vicinity of the earthquake region (Fig. 7) . After two hours, the peak values are still close to 200 HPa with all land areas around the Indian ocean experiencing vertical displacements of the order of 5 to 12 mm (Fig. 7) . After nearly a day, the energy of the tsunami has been distributed through a large part of the global ocean, with peak bottom pressure values nearly reaching 10 HPa (Fig. 8) . The resulting vertical displacements of the Earth's surface are of the order of In a detailed search through all loading predictions, peak signals of the order of 20 mm were found in vertical displacements. These peak signals lend to the prospect of detecting tsunami loading using GPS. In particular, the deformational signal with spatial wavelength of the order of ¤ © C km should be detectable. However, the processing of GPS observations with high temporal resolution of better than five minutes will have to be improved in order to be able to detect such signals with low latency. In particular, sidereal filtering (Choi et al., 2004) and appropriate regional filtering (Wdowinski et al., 1997, e.g.) will have to be utilized.
Conclusions
Event A (26 December 2005) caused the entire Earth surface to deform at a geodetically significant level ( £ © § ¤ mm), with important implications for terrestrial reference frame maintenance. Co-seismic displacements £ ! mm were clearly observed at GPS stations as far away as 4000 km from the rupture zone. The comparison of the co-seismic offsets determined in four different studies shows that the determination of these offsets depends on the GPS analysis as well as the assumptions for the subsequent analysis of the displacement time series. Most of the differences in the calculated offsets appear to be due to noise in the displacements time series. Based on the intercomparison, the uncertainties in the offsets are estimated to be of the order of 2 to 4 mm. Using the spatial fingerprint of the displacements predicted by realistic rupture models in the estimation of the observed offsets is expected to improve the estimates of the displacement field.
However, a main limitation for the determination of the displacement fields of large earthquakes arises from the number of available permanent GPS sites. At a minimum, attempts should be made to densify the global tracking network in regions with potentially large or great earthquakes to a spatial resolution of 500 km to 1000 km. Combined with models, the stations could be used to determine the effect of these great earthquakes on the global reference frame and to account for it.
The tsunami caused by event A led to transient redistributions of oceanic water masses comparable to those associated with ocean tides. Similar to ocean tidal loading, the tsunami induced displacements of the Earth's surface and gravity changes, with the vertical displacements reaching up to 20 mm. With a sensitive observing system based on e.g. kinematic GPS, these deformations in principle could be sensed in realtime and integrated in a warning system. A similar approaches for storm surge warnings on the basis of tiltmeters was studied by e.g. Kuempel (1983) . GPS is far less sensitive to environmental conditions than tilt meters and therefore should sense the tsunami loading signal. However, in order to extract this signal in near-real time, other effects such as the apparent displacements caused by variations in multi-path associated with orbital repetions will have to be reduced sufficiently.
